A ship-mounted sodar was used to measure wind turbine wakes in an offshore wind farm in Denmark. The wake magnitude and vertical extent were determined by measuring the wind speed profile behind an operating turbine, then shutting down the turbine and measuring the freestream wind profile. These measurements were compared with meteorological measurements on two offshore and one coastal mast at the same site. The main purposes of the experiment were to evaluate the utility of sodar for determining wind speed profiles offshore and to provide the first offshore wake measurements with varying distance from a wind turbine. Over the course of a week, 36 experiments were conducted in total. After quality control of the data (mainly to exclude rain periods), 13 turbine-on, turbine-off pairs were analyzed to provide the velocity deficit at hub height as a function of the distance from the turbine. The results are presented in the context of wake measurements at other coastal locations. The velocity deficit is predicted with an empirical model derived from onshore measurements based on transport time dependent on surface roughness. The measurements are closer to those predicted using an onshore rather than an offshore roughness despite the relatively low turbulence experienced during the experiments.
Introduction
Offshore wind energy developments are under way in many European countries (DEA/CADDET 2000) with planned projects of several thousand megawatts to be installed in the first decade of the new millennium (Barthelmie 1999a; Barthelmie et al. 2000) . In this context, the term ''offshore wind farm'' indicates that the wind turbines are erected with their foundations in water. While experience gained through the offshore wind farm demonstration projects currently operating (Barthelmie et al. 1996) , (Lange et al. 1999 ) is valuable, a major uncertainty in estimating power production in large offshore wind farms lies in the prediction of the dynamic interaction between the atmosphere and wind turbines. Planned offshore wind farms consist of up to 80 turbines giving complex wake effects (defined as the velocity decrease, turbulence increase downstream of a wind turbine rotor). Crespo et al. (1999) describe the development of wind turbine wakes and their decay downwind of the turbine rotor. Outside of the near-wake region the main parameter in determining wake decay is ambient turbulence. Given that turbulence offshore is typically lower than onshore, it is hypothesized that wake effects are propagated over larger distances downstream offshore than over land and that atmospheric stability will play a larger role in determining the downstream wake decay. The likely result is that in order to optimize power output, offshore wind farms will require larger distances between turbine rows than is common in the design of onshore wind farms. This has a major economic disadvantage because undersea grid connections and connections between turbines are proportionally more expensive than their cost and installation at land sites. Model simulations suggest that power loss due to reduced wind speeds at the turbine rotor can be more than 5% in large wind farms. Improved understanding of wake propagation offshore is an essential part of design to minimize these losses.
The measurements of wind speed profiles in an offshore wind farm described in this paper are designed to assist understanding of wake development offshore. Measurements of wind speed profiles at fixed distances from the wind turbines have been made at the wind farm over a long period on meteorological masts (Barthelmie et al. 1996; Frandsen et al. 1996) , but the disadvantages are that the measurements extend only 12 m above the turbine hub height and the variability of the wake with distance to the turbine cannot be assessed.
Hence an experiment was conducted to provide additional data for offshore wakes (especially in near-wake situations for which very few datasets are available even for land sites) and to form part of the evaluation process for wake models within the Efficient Development of Offshore Windfarms (ENDOW) project (Barthelmie et al. 2001) . For the first time, a sodar mounted on a ship was used to measure wind speed profiles in the turbine wake in an offshore wind farm. While sodar has a long history of use at land sites (Crescenti 1997 ) and has many advantages (Vogt and Thomas 1994) for boundary layer and air pollution studies, the instrument has had less exposure in marine-based studies (e.g., Otterstein et al. 1974; Petenko et al. 1996) and has not been extensively employed in wind energy work (see, e.g., Hogström et al. 1988) . Although minisodars have been used to assess wind energy sites, there is little documentation available. In the experiment described here, selective operation of turbines in different conditions reflecting wind speed and direction (influencing the fetch variation) allowed the direct impact of turbine operation on wake effects to be measured at varying distances from the turbine (here 1.7-7.4 rotor diameters, D). Use of a sodar provided wind speed profiles to hub and rotor heights of offshore wind turbines currently being developed, which were supplemented by ongoing measurements on meteorological masts.
The main objectives of the experiment were to evaluate whether the sodar could operate successfully when mounted on a ship and whether the noise from a wind turbine would interfere with the sodar wake measurement. If successful in these regards, the priorities of the experiment were to measure near-wakes at a range of distances from the turbine and, assuming favorable wind directions, single and double wakes.
Experimental details a. Experiment design
The measurement campaign was conducted at the 5-MW offshore wind farm at Vindeby, Denmark (Fig. 1) . Note that the wind farm is relatively close to the coast (about 2 km). The site was chosen because it is one of very few operating offshore wind farms and has three monitoring masts [two offshore, referred to hereafter as sea mast south (SMS) and sea mast west (SMW), and one at the coast, hereafter land mast (LM)] providing detailed meteorological measurements to 48-m height. The wind farm, which has been operating since 1991, consists of 11 BONUS (Bonus Energy A/S, Brande, Denmark) 450-kW turbines in two rows oriented toward the southwest (prevailing wind direction). The hub height is 38 m and the rotor diameter is 35.5 m. Layout of the wind farm and the two offshore masts is also shown in Fig. 1 . The site has the advantage of shallow water (2-5 m) with relatively low wave heights and swell compared to more exposed sites.
April was chosen for the experiment to avoid periods of very high wind speeds (which mainly occur in winter). However, to measure wakes, wind speeds also have to be above turbine cut-in wind speeds of 4 m s Ϫ1 making summer months less attractive. The mean wind speed measured at 10 m above mean sea level at SMW in April for the period 1996-99 inclusive is 7.4 m s
Ϫ1
with mean air temperatures of 5.9ЊC and a mean water temperature of 5.8ЊC.
The sodar was mounted on the Seaworker, which is a highly stable ship with regard to both tilt and position. The Seaworker is equipped with four anchors although during most experiments only three were used. The two front anchors were used to position the ship in the direct wake of the turbine. By moving one (the rear) anchor, the ship could be repositioned at different distances from VOLUME 20 the turbine providing a transect for the measurements. Given that a large proportion of the experiment time was spent positioning the ship, being able to measure at three wake distances over a distance of 150-200 m without having to take up all three anchors was an advantage. Further requirements were 1) that the equipment used to operate the sodar could be protected from the weather and high waves, 2) that sufficient power was available when the ship's engine was turned off (to reduce noise that interferes with the sodar signal), and 3) that structure of the ship was low enough not to provide a barrier causing noise reflections. Although the Seaworker is equipped with several cranes, these were lowered onto the deck during measurements. The rear boom could not be lowered to the deck but lowering it a few meters proved adequate. The Seaworker also had sufficient room for the sodar on the deck (Fig. 2) and lastly had an extremely low draft of about 1.5 m, which is important at Vindeby since the water depth is around 2 m to the south of the wind farm. The level of the deck is close to the water line and so the height of the sodarmeasured wind speeds have not been corrected with respect to mean sea level. The first three range gates (15, 20, and 25 m) were excluded because of the poor number of returns. This may be related to the structures on the boat but was also noted during a sodar experiment on an offshore platform (Coelingh et al. 2000) .
During the experiment period 21-28 April 2001 wind speeds were lower than expected allowing the Seaworker to sail each day. However, measurements were limited by periods of rain (wind speed profiles measured during rain had unacceptably large standard deviations). The experiment was also limited by periods in which wind speeds at the turbine hub height dropped below 4 m s Ϫ1 . In this situation turbines stop operating and there are therefore no wakes. A further disadvantage of lower than expected wind speeds was the directional variability of the wind. While the Seaworker could be accurately positioned in the direct wake of a wind turbine, shifts of wind direction sometimes occurred during measurements, which meant that the sodar was no longer measuring in the direct wake. Since repositioning the boat in the direct wake took approximately 40 min, this directional variability limited the number of experiments that could be conducted each day.
Further matters which had to be considered concerned the operation of the sodar accounting for the movement of the ship and accurately determining the position and angle of the ship. The positions of the ship and turbines were measured using a GPS to an accuracy of Ϯ4 m. As in Fairall et al. (1997) recordings of the tilt and yaw were made. Data were discarded if the tilt angle exceeded Ϯ4Њ. A major consideration was whether the wind turbines themselves would distort the sodar signal due to noise during their operation. As indicated by the Danish Wind Energy Industry Association (available online at www.windpower.dk), at a distance of 3 rotor diameters (D), the sound level of a wind turbine is expected to be below 45 dB (A) and even at 1 D is less than common noise levels in cities. Crescenti (1998) indicates noise levels less than 50 dB(A) are acceptable for sodar measurements. Hogström et al. (1988) found good agreement between sodar measured wake velocity deficit and data from a nearby tower or kites suggesting that noise was not an issue at 2 D. Although the recorded noise level increased during the near-wake experiments (1-2 D) described in this paper, it remained below acceptable levels and the sodar gave wind speed profiles with standard deviations that were not distinguishable from the freestream measurements behind the nonoperating wind turbine. In contrast to the experience of Fairall et al. (1997) the performance of the sodar on the ship experiment at Vindeby was not significantly different than during land-based or offshore fixed-base experiments, which had been conducted previously with the same instrument (Coelingh et al. 2000) . This may be because the requirement during the Vindeby experiment was to maintain a fixed position (with engines turned off ) rather than to operate under sail.
b. Sodar specifications
The main characteristics of the sodar used at Vindeby are shown in Table 1 . This Aerovironment 4000 minisodar uses sound to measure wind speed and wind di- 47, 30.9, 9.8 20.9, 33.9 9.7 46.5-9.7, 19-9.7 47.5, 28.7, 10 18.5, 42.8 10 47-10, 22.8-10 rection over a range of heights (15-200 m) with a resolution of 5 m. The instrument consists of an antenna with a speaker array with 32 piezoelectric speakers, an acoustic signal processor, an audio amplifier, and a controlling PC. The speaker array emits a sound pulse about once per second at a frequency of 4500 Hz, which is amplified and transmitted into the air. By a phased array technique the sound beam is alternately steered in one of three directions u, , or w, where the w direction is vertical whereas the u and directions have an inclination of 74Њ (tilt angle of 16Њ) and are mutually separated by a 90Њ azimuth angle (see Fig. 3 ). Sound pulses are backscattered to the antenna by air density differences mainly caused by temperature variations. Air velocities along measurement paths are measured by frequency shifts between the transmitted and received signals (Doppler effect) and the range to sound-reflecting air parcels is detected by the time lag between pulse emission and return signal. The time distribution of the returned pulse enables velocity estimates for several heights above the ground, and measurements along the three paths are translated into a three-dimensional wind vector.
1) ORIENTATION OF THE SODAR
The sodar was mounted on the Seaworker with the u beam oriented sideward toward the port side and the beam forward toward the bow. By positioning the ship with the stern into the wind (using its three anchors) the beam is oriented along-wind and the u beam is oriented crosswind. The major advantage of this orientation is that the main part of the wind speed can be obtained from one beam, the beam. The u and the beams sample separate volumes of the wake. Because of the tilt angles of these beams (16Њ of vertical), the shift in the point of actual sampling increases with height, with about 10.5 m (0.3 D) at hub height. This distance has been added to the distances determined using GPS. In terms of the accuracy of the distance between the rotor and the sodar measurements, 4.9 m should be added to the uncertainty [calculated as the position shift over half the rotor diameter (ϭ35.5/2 ϫ sin16)]. Since the beam is aligned with the mean wind, the measured wind speed profile still accurately represents the velocity deficit downwind of the turbine.
In the analysis of the sodar data, two different methods were compared to check the secondary relevance of the u beam in this orientation. The standard method is to calculate the wind speed as the vector mean using the three beams. The alternative method, valid with the beam aligned with the mean wind, is using only the beam and the w beam (vertical), and ignoring the crosswind u beam. In this method, small misalignments of the sodar were corrected using the wind direction from SMW. The two methods yield nearly identical results, confirming the marginal importance of the u beam.
c. Mast data
Instrumentation installed at the Vindeby masts used here (LM and SMW) is shown in Table 2 . All three masts are purpose-built meteorological masts of 45 m standing on bases of approximately 2.5 m above mean sea level or 2 m on land. Heights in Table 2 are above ground or above mean sea level. Additional instrumentation at LM includes a barometer, net radiometer, and a precipitation detector, while water temperatures are TABLE 3. Details of single wake experiments. Relative velocity deficit is calculated from sodar wind speed profiles using a height of 40 m. Freestream wind (U ) at 48 m and direction (dir) are measurements from the meteorological mast, L is the Monin-Obukhov length, and x is the distance to the turbine expressed as number of rotor diameters D. Max disp is the largest distance from the center of the wake due to the directional variability of the wind during each experiment (expressed as a fraction of rotor diameters). Here C T is the thrust coefficient for the specific wind speed (characteristic of the wind turbine at Vindeby) and t is the transport time. Wake-generated turbulence I added calculated from Frandsen et al. (1996) is compared with ambient turbulence I 0 (%). The sodar data were recorded on a 1-min basis and have been processed to give averages for each experimental period with a minimum of 15 min. The following steps were taken to exclude selected individual profiles from the average.
• Noise level. A noise level was recorded for every 1-min wind profile. Higher noise levels could be traced to disturbances recorded in the logbook, such as the proximity of another ship. In the analysis a threshold was set to exclude data above a certain noise level defined using the background noise level for the day's experiments.
• Inclination. The angle of inclination of the ship was recorded during the experiment. A maximum amplitude of Ϯ2Њ in the ship's movement during a minute is used to exclude periods of larger swing. The exception was for the first experiment when the angle was not measured and during experiments 2 and 3 during periods of higher wind speed when the cutoff was set to Ϯ4Њ.
• Directional variation. During wake measurements (turbine on), variation in the wind direction meant that the sodar profile was taken at various distances from the center of the wake. In the analysis a gate was set to only include profiles near the center of the wake.
The maximum displacement from the wake center allowed is given in Table 3 .
Resulting wind profiles were composed by averaging over each single height in the 1-min profiles. The resulting standard deviation on the averaged wind speeds consists of both actual variation in the wind speed as well as deviations resulting from the measuring technique.
2) METEOROLOGICAL DATA During parts of the experiment the anemometer at 30-m height at Vindeby SMW operated intermittently. These periods were removed from the database. For comparison with the sodar a dataset of 1-min averages was prepared. Stability information was required and this was provided by calculating the Monin-Obukhov length (L) from wind speed and temperature data using the method of Beljaars et al. (1989) . The Monin-Obukhov length is initially estimated using the temperature profile at SMW, and then an iteration procedure is used to calculate the friction velocity and temperature scale including the wind speed measured at one level. During the experimental period, conditions were more stable than neutral (only observed during the first three experiments) at both the LM and SMW as expected at this site in April (Barthelmie 1999b) . A median of the 1-min data is given for each experiment in Table 3 . There can be small shifts in the median Monin-Obukhov length between the wake and nonwake periods, but these are of the order 30 m and do not affect the broad stability class. The meteorological data are used to provide an
FIG. 4. Measurement of the (a) freestream wind and (b) offshore wake profile by sodar compared with mast data
(expt 1 from Table 3 ). Error bars shown are 1 std dev on each side of the mean.
absolute reference for sodar-derived wind speeds during both wake and nonwake experiments. The measurements of freestream wind speeds are taken from LM if SMW is in the wake of the wind farm (directions from 320Њ to 110Њ over north, first three experiments) and from SMW if the wind direction is between 110Њ and 320Њ (remaining experiments).
3) DATA CORRECTION Slight shifts in wind speed between the wake and nonwake periods had to be accounted for. Assuming that the freestream wind at 50 m measured on one of the meteorological masts (U mast ) was the baseline, a correction factor (CF) between the two (wake and nonwake) periods was determined:
mast (nonwake period) mast (wake period)
This correction factor was then applied to the nonwake wind speed measured by the sodar. The velocity deficit was then calculated using the corrected wind speed profile.
Results: Specific experiments
In the first experiment, the freestream wind was measured for comparison with data from one of the meteorological masts. In the remaining experiments turbineon, turbine-off experiments (of ഠ 30 min) were conducted (see Table 3 ). All times (meteorological masts and sodar) are synchronized to the nearest minute. At the beginning of the experiment, the wind direction was north-northeasterly, wind speeds were fairly high, and conditions tended toward neutral. Subsequently, the direction changed to south-southwesterly and the wind speed dropped giving slightly stable conditions. In experiments 4-6, conditions were strongly stable and the ambient turbulence intensity was very low. In the remaining experiments, turbulence intensity was between 5% and 15% at 48-m height. Two specific experiments are described in detail below and the results of all the experiments are shown in Table 3 . Table 3 shows the relative velocity deficit calculated for all the single wake pairs of experiments where both freestream (nonwake) and wake wind speed profiles are available from the sodar and the masts. Velocity deficit ⌬U is defined in Hogström et al. (1988) as
where U min is the minimum wind speed at any height. Here U freestream is the wind speed measured by the sodar at 40-m height with the turbine switched off and the velocity deficit is defined at 40 m, which is the closest measurement to the turbine hub height of 38 m:
As indicated in Table 3 the distance (x) to the turbine was measured using GPS and is expressed in number VOLUME 20 
a. Freestream and one wake measurement
The first experiment (1 in Table 3 ) consisted of a comparison of the sodar wind speed profile with the measurements from SMW and LM. The Seaworker was anchored close to SMW during a period of fairly strong winds and the wind speed profile was measured for 40 min. During this period the wind direction remained steady with a direction 340.9Њ Ϯ 1.1Њ. As shown in Fig.  1 , when winds are from the north, both SMW and SMS are in the shadow of the wind farm. Wind speed and direction measurements from LM represent the regional wind field with more accuracy. For this 30-min period the stability (as determined by the Monin-Obukhov length based on the temperature profile) was near neutral and this is confirmed by the log-linear relationship shown by the wind profiles. Turbulence intensity ( U /U) as determined at 48 m was 5.8%. After measurements close to SMW, the Seaworker was repositioned at 3.8 D in the direct wake of turbine 1W and the wake measured with the sodar for approximately 30 min. During this period the wind direction was 342.9Њ Ϯ 1.9Њ and the stability at LM was near neutral. Turbulence intensity was 5.9%. Figure 4 shows the average wind speed profiles for these two periods. Error bars shown are one standard deviation on either side of the mean value, showing little variability in the wind speed measured either by sodar or on the masts. While there is good agreement between the sodar and the mast measurements at 30 m (Fig. 4) , the sodar gives rather higher wind speeds than the mast measurements at 48 m in the first period. The freestream and wake profiles are shown in Fig. 5 , together with the corrected relative velocity deficit ⌬U/U freestream , which has a maximum at 40 m.
b. One wake turbine-on, turbine-off measurements
During this experiment (7 in Table 3 ) the ship was positioned approximately 100 m (3.4 D) behind turbine 6E in light southeasterly winds. The wind direction was 146.50Њ Ϯ 3.6Њ at LM and 145.7Њ Ϯ 2.4Њ at SMW. Measurements at all three masts are affected by the land fetch to the south from this direction as shown in Fig.  1 and the sea masts give a better representation of the freestream wind speed. The distance to SMS is approximately 1.6 km and to SMW about 2.3 km, hence the distance from the coast to the ship was about 1.9 km. Turbulence intensity at 48 m at SMW was 5.9%. Stability was slightly unstable at LM (L ϳ 440 m) and slightly stable at SMW (L ϳ 668 m). The height of the internal boundary layer is expected to be close to 90 m [calculated using the formula in Bergström et al. (1988) ]. However, it is not evident from the measured wind speed profiles (Fig. 6) .
As expected wind speeds at LM are lower than at the sea masts. There is good agreement between wind speeds measured at the sea masts and between the sea mast and sodar data during the nonwake measurements.
The ratio between the measured wind speeds at 48 m between the masts and the sodar is 0.96 at SMW, and there was no measurable wind speed shift during the two periods at either LM or SMW. Figure 7 shows the corrected relative velocity deficit profile with a maximum between 35 and 40 m.
c. Single wake experiments
In total 13 wake experiments were conducted where both freestream and wake measurements passed quality controls. Figure 8 shows the relative velocity deficit profiles and details are given in Table 3 . In Fig. 8 the velocity deficit profiles have been grouped according to distance from the turbine (expressed as number of rotor diameters D). Out of the three near-wake experiments (4 and 9) two show a distinct minimum at the height of the turbine nacelle and maximum at the midpoints of the blades (29 and 48 m). This is not so evident in the third experiment (A), which was also at less than 3 D. Of the five experiments between 3.3 and 3.9 D, all except experiment 5 show a similarly shaped profile with a maximum velocity deficit close to 40-m height.
FIG. 6. Wind speed profiles for the (a) turbine-off, (b) turbine-on experiment at turbine 6E at Vindeby (expt 7 in Table 3 ). Error bars shown are 1 std dev on each side of the mean.
However, there is quite a large variation in the velocity deficits and the two experiments conducted in near-neutral conditions (1 and 3) have the highest velocity deficits. Theory predicts that wake recovery should be faster in near-neutral conditions. Three experiments were conducted at distances of 4.1-5.0 D and these show a fairly flat profile. There are two ''far wake'' experiments (D Ͼ 6), which show good agreement in the velocity deficit profile. The velocity deficit profile depends on a number of factors including wind speed profile for wake recovery, the wind speed-related thrust coefficient of the wind turbine, ambient (mechanical and thermal) and turbinegenerated turbulence, and the possible presence of an internal boundary layer or nonequilibrium conditions as flow adjusts in the coastal area. Hence it is difficult to analyze the data further without use of wake/meteorological models. In the next section, the experimental data are compared with results from an empirical model that predicts the velocity deficit based on the transport time.
Comparison of sodar data with previous wake measurements and an empirical model
One of the major concerns regarding offshore wind farm development is that wakes will decay more slowly offshore due to lower turbulence requiring larger spacing of offshore turbines than is the case on land. This has major financial implications due to the cost of undersea cabling. Hence it is of interest to examine wake decay with distance from the turbine and to compare this with similar data from land sites. Wake measurements have been made previously at offshore wind farms at Vindeby and at Bockstigen, but since these are mast measurements they are at specific, fixed distances from the turbines. One of the main objectives of using the ship for the sodar measurements was to determine the velocity deficit at different wake distances. Magnusson and Smedman (1994) summarized wake data from a number of coastal (onshore) and inland sites. Rather than repeat this exercise we show here (Fig. 9 ) the relative velocity deficit against D from the sodar experiment with a regression line estimated from the data in Magnusson and Smedman (1994) as
Ϫ0.97
Relative velocity deficits from the sodar experiment (Table 3) are also shown in Fig. 9 . Regression of these data give the following fit:
Ϫ0.96
U D freestream
Correlation coefficient for this fit (relative velocity deficit vs distance in rotor diameters) is 0.79. Although the velocity deficits from the sodar experiment are smaller VOLUME 20
Corrected freestream and wake profiles and relative velocity deficit measured by sodar (expt 7 in Table 3 ). Error bars shown are 1 std dev on each side of the mean. than those from Magnusson and Smedman (1994) (for the same distance), the difference is small compared to the uncertainty in the measurements. The agreement between the distance decay of the velocity deficit from the offshore Vindeby experiment and the onshore data from Magnusson and Smedman (1994) may also partly reflect the coastal location of the majority of the measurement sites used in that study.
There does not seem to be any particular feature that determines whether the relative velocity deficit for each experiment lies close to the predicted value. For example, the three higher wind speed cases (experiments 1-3) lie on either side of the line; the three most stable cases (experiments 4-6) lie close to the line, but the experiment B with a similar Monin-Obukhov length does not. Nor can the predictability of the experimental results be grouped in terms of ambient or total turbulence.
A simple model defined by Magnusson and Smedman (1996) gives the decay of the relative velocity deficit ⌬U/U freestream as
where C T is the thrust coefficient, t 0 is a timescale, and t is the transport time defined as x/U freestream where x is the distance in meters. Equation (6) cannot be used for large t if the absolute value of 0.4 ln(t 0 /t) Ͼ C T .
The timescale t 0 can be defined for near-neutral conditions by
where f is the rotational frequency, R is the radius of the rotor, H is the hub height, and z 0 is the roughness length.
The parameters for the Vindeby wind farm are f ϭ 0.59 Hz, R ϭ 17.8 m, H ϭ 38 m. To provide the first estimates of t 0 , z 0 is assumed to be 0.05 m over land giving t 0 ϭ 5.3 s and z 0 ϭ 0.0002 m over sea giving t 0 ϭ 9.7 s. [Note these are similar to those given for Alsvik in Magnusson and Smedman (1996) 
T U t
For the same turbine (known C T ), a velocity deficit can then be determined for on-and offshore situations (where the difference is the surface roughness) and these are shown against transport time in Fig. 10 . To compare this with the results of the sodar experiment, a transport time was calculated for each relative velocity deficit and this is also shown in Fig. 10 . The results lie close to the curve derived from onshore roughness-implying that the wake decay at Vindeby can be predicted using a roughness more typical of coastal than offshore environments.
For the period 1996-2001, average turbulence intensity at 48-m height at LM is 12% compared with 10% at SMW. Although the turbulence level at SMW is increased by the presence of the wind farm (removing these sectors gives a turbulence intensity of 9%), these results suggest that the turbulence level in the first few kilometers from the coast is not significantly lower than at coastal sites. Turbulence level calculated using data from the same period at 48-m height at a similar mast 11 km offshore from the coast was 6.5%. However, the turbulence intensity at SMW during the sodar experiments was 9% or less in all but one case, lower than would be expected for a land site.
The question arises whether the turbine added turbulence I added is more significant to the wake development than the ambient turbulence I 0 . The turbulence experienced at each turbine I total can be estimated using the following equation from Frandsen et al. (1996) :
The turbine added turbulence intensity is determined using the thrust coefficient and turbine separation [see Frandsen et al. (1996) and Eq. (10)] and ambient tur- FIG. 8 . Relative velocity deficit profiles for each of the 13 experiments grouped by distance of the measurements to the turbine (expressed as number of rotor diameters). Numbers shown refer to the experiment designations given in Table 3. FIG. 9. Relative velocity deficit by distance (shown here as number of rotor diameters D ). The relative velocity deficit is defined as (U ambient Ϫ U hub height /U ambient ). The dashed line shows a regression fit to data from Magnusson and Smedman (1994) . Numbers shown refer to the experiment designations given in Table 3 . Table 3 .
bulence intensity is calculated as the 10-min standard deviation of the wind speed divided by the 10-min average wind speed. Hence the total turbulence intensity is given by
total 0 2 Ί s t where I 0 is the ambient turbulence calculated as /U and U is the standard deviation of wind speed and s t is the turbine separation (expressed in rotor diameters). Given that the ambient turbulence is known, the equation is applied here for each experiment and the results shown in Table 3 . The added turbulence is significant when D is less than ϳ4.
The analyses presented indicate that the wake decay measured at Vindeby (coastal offshore) is not substantially different than that measured at other coastal (onshore) sites despite observed lower ambient turbulence. This requires further investigation using both datasets from onshore wind farms and by conducting further sodar measurements at a far offshore site.
Conclusions
The main objectives of the sodar experiment described here were to evaluate the operation of the sodar when mounted on a ship offshore and to investigate whether the noise of the operating wind turbine impacted the vertical profile of wind speed as measured by the sodar. These objectives were met with the sodar operating well. Vertical profiles measured by the sodar gave good agreement with the mast data. Sodar wind speeds were within 2%-15% of mast measured wind speeds (at 48-m height). In the situation of the Vindeby wind farm in relatively shallow water and with low wave heights, it proved possible to measure wind speed profiles that clearly showed a deficit in wind speed close to hub height during turbine operation, which disappeared when turbine operation was stopped. The noise of the wind turbine did not prove a barrier to successful monitoring of the wind speed profile up to 100-m height. Wake profiles were clearly measured as a reduction in the wind speed (centered on the hub height of the wind turbine). The relative centerline velocity deficit was calculated and the decay of the wake (with distance or transport time) was shown to be similar to those determined by other wake studies in coastal (onshore) environments despite the relatively low turbulence. Compared with an empirical model of relative velocity deficit versus transport time, results from the sodar experiment were closer to predicted velocity deficit over a roughness of 0.05 m than to predictions using an offshore roughness of 0.0002 m. This may indicate that offshore wind farms in coastal environments (up to 3 km from the coast) can be effectively modeled with wake model designed for onshore wind farms. The results of the sodar experiment are now being compared with physical wake models [e.g., based on Ainslie (1988) ], which can also account for the variation in turbulence intensity.
The experience from the experiment may prove useful in current plans to use sodar operated from floating platforms for wind monitoring in the North Sea. Although wave heights were comparatively low during the experiment, it was possible to measure the longitudinal and transverse tilt angles at high time resolution, which could potentially be used to correct the sodar signal in future experiments.
